A theoretical study on the reactivity and regioselectivity of 1,3-dipolar cycloaddition reactions of ethyl diazoacetate (EDA) with ethynes (CH ≡ CX, X = H, CH 3 , n-But, CF 3 , CO 2 Et, C 6 H 5 , p-CH 3 OC 6 H 4 and p-NO 2 C 6 H 4 ) has been carried out by means of several theoretical approaches, activation energies, frontier molecular orbital (FMO) theory, conceptual density functional theory reactivity indices and hard and soft acid and base theory. Potential energy surface analysis and intrinsic reaction coordinate calculations show that these cycloadditions follow an asynchronous concerted mechanism with a low or non-polar character, displaying C-regioselectivity. Moreover, the reaction of EDA with electron-deficient alkynes is faster compare to electron-rich ethynes. Reactions of EDA with electron-deficient and electron-rich alkynes are normal electron demand and inverse electron demand cycloadditions, respectively, because of moderate electrophilicity and nucleophilicity of EDA. This result is confirmed by FMO analysis and reactivity indices.
INTRODUCTION
Substituted pyrazoles are an important class of heterocycles known to have a range of biological activities. Beside their applications as potent pesticides [1, 2] and herbicides [3] , they are also widely used as anti-inflammatory [4 -8] , anti-bacterial [9] , anti-diabetic [10 -12] and anti-cancer [13 -17] agents. One of the most simple, yet important methods for pyrazole synthesis is the 1,3-dipolar cycloaddition (1,3-DC) between a diazo compound and an alkyne. The reaction proceeds by a domino 1,3-dipolar cycloaddition-hydrogen (alkyl or aryl) migration (see Scheme 1) . The 1,3-DC of electron-rich diazo compounds such as diazomethane with alkynes can be conducted efficiently under mild conditions, however, they are generally difficult to prepare and handle as they are toxic and potentially explosive. In contrast, when these molecules are α-substituted with an electron-withdrawing group (diazocarbonyl, diazoacetate), they are highly stable even at high temperatures and can be handled without any particular precaution [18] . However, the reaction of less electron-rich α-diazocarbonyl compounds with electron-deficient alkynes usually requires activation by Lewis acids [19] . A Lewis acid activates the alkynes bearing a carbonyl group at the neighbouring position by coordinating the carbonyl group and thus lowers the LUMO of the alkyne moiety. For simple alkyl or aryl alkynes, the reaction with α-diazocarbonyl compounds usually fails and Lewis acid activation cannot be applied in such cases. An alternative mode of activation by raising the HOMO level of the alkyne was reported by Qi and Ready [20] . Thus, the alkyne was converted into the copper(I) acetylide, which was then reacted with diazoacetate. The copper is suggested to be an electron-donating group to raise the HOMO of the alkyne. The cycloaddition thus involves the LUMO level of the diazo compound. This is a rare example of an inverse electron demand cycloaddition. The reaction of EDA with various acetylenes has also been conducted under catalyst-free [21] and both catalyst-and solventfree conditions [22] . A literature survey revealed that there is no report on any theoretical calculations concerning the reactivity and regioselectivity of 1,3-DC reactions of EDA with alkynes, except for a general FMO analysis (HOMO -LUMO energy gap) using the PM3 semiempirical method [21] . Intrigued by these findings and due to our interest in applying theoretical methods to study the chemo-and regioselectivity in organic reactions [23, 24] , in this paper we report our findings pertaining to the substituent effect on reactivity and regioselectivity of 1,3-DC reactions of EDA with alkynes using DFT/B3LYP/6-31G(d) calculations. In this context, substituents such as H, CH 3 , n-But, CF 3 , CO 2 Et, C 6 H 5 , p-MeOC 6 H 4 and p-NO 2 C 6 H 4 were chosen, in order to address both the influence of small and large groups as well as their electron withdrawing and donating character.
COMPUTATIONAL METHODS AND THEORETICAL BACKGROUND
All computations were carried out with the Gaussian 03 suite of programs [25] . The full geometry optimisations of all structures and transition state structures (TSs) were computed in the gas phase using density functional theory (DFT) by applying the B3LYP method [26, 27] . The basis set 6-31G(d) [28] has been employed as it is a well-established method for the prediction of activation energies of cycloaddition reactions and to provide geometries and electronic properties in good correlation with the literature [29 -31] . This more economical method predicts barriers within a mean absolute deviation of 1.5 kcal mol -1 compared to CBS-QB3 [32, 33] . Reactants, CAs and products were characterised by frequency computations and have positive definite Hessian matrices. The TSs had only one negative eigenvalue in their diagonalised force constant matrices. The vibrational mode was assigned appropriately by means of visual inspection and animation using the GaussView 5 program [34] . Furthermore, the intrinsic reaction coordinate (IRC) [35, 36] path was traced to authenticate the connection of a TS to the two associated minima of the proposed mechanism. Natural bond orbital (NBO) analysis was performed on the electronic structures of the stationary points according to Weinhold et al. [37, 38] using NBO 3 as implemented in Gaussian 03. The conceptual DFT indices [39] are used as a powerful tool to predict chemical reactivity and to establish the polar character of cycloaddition reactions [40, 41] . The electron transfer process can be characterised by the electrophilicity index proposed by Parr et al. [42] , which measures the capacity of the molecule to undergo partial electron transfer. Parr's model is based on the evaluation of the electron flow between the molecule and an idealised environment able either to donate or accept any amount (even a fractional amount) of electrons.
This model has been revised and updated by Gazquez et al. [43] and the global electrophilicity index [42] is given by the following simple formula: ω = μ 2 /2η. This index is expressed in terms of the electronic chemical potential μ and the chemical hardness η. Both quantities may be obtained in terms of the electron energies of the frontier molecular orbital, highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO), ε H and ε L , as μ = (ε H + ε L )/2 and η = (ε L -ε H ), respectively [44, 45] . The empirical (relative) nucleophilicity index, N, has been introduced by Domingo [46, 47] . It is based on the HOMO energies obtained from the Kohn -Sham framework [48] and defined as N = ε H (Nu) -ε H (TCE). The nucleophilicity index is referred to tetracyanoethylene (TCE) as this shows the lowest HOMO energy in a large series of molecules already investigated in the context of polar cycloadditions reactions. Likewise, this choice permits us opportunely to handle a nucleophilicity scale of positives values. Local electrophilicity (ω k ) [49] and nucleophilicity (N k ) [50] indices have been evaluated by means of the following expressions: ω k = ωf k + and N k = Nf k -where f k + and f k -are the condensed Fukui functions and are computed using the Yang and Mortier equations [51] :
Very recently, Domingo proposed two new electrophilic, P k + , and nucleophilic, P k -, Parr functions based on the atomic spin density distribution in the radical anion and in the radical cation of a neutral molecule [52] . The electrophilic, P k + , and nucleophilic, P k -, Parr functions, were obtained through analysis of the Mulliken atomic spin density of the radical anion and the radical cation by single-point energy calculations over the optimised neutral geometries using the unrestricted UB3LYP formalism for radical species. The global softness S is given by: S = 1/2η. The local softnesses [s
are calculated as the product of the global softness, S and the respective Fukui functions. The regioselectivity criterion [53, 54] for the four-centres reaction is based on the simultaneous fulfilment of the local HSAB concept at both the termini according to Gazquez -Mendez rule [55] . The softness-matching index ∆ kl ij is given by:
where atoms i and j of the nucleophile interact with atoms k and l of the electrophile, respectively to give rise to the preferred regioisomer. The reaction pathway involving the lower value of ∆ kl ij will be the favoured one.
RESULTS AND DISCUSSIONS
The results obtained are presented in four sections. In Section 3.1, we concentrate our attention on the energetic aspects of the 1,3-DC reactions. In Section 3.2 we investigate the bond lengths, bond orders and charge transfers in the transition structures. Section 3.3 is directed towards DFT-based reactivity indices. Finally, in Section 3.4, we discuss the regioselectivity of these reactions based on FMO analysis.
Analysis based on energetic aspects
The energy of the stationary points (reactants, products, transition structure (TS), and possible intermediates) on the PES plays a central role in the theory and computational simulation of chemical structure and reactivity. In addition, quantum chemical methods have made tremendous progress in that it is now possible to compute accurate energies (better than fractions of a kcal mol -1 ) for these stationary points for a large number of chemical reactions. Then, the reaction mechanism is associated with the reaction pathway connecting the reactant with products via the corresponding TSs and possible intermediates. This is the traditional theoretical approach towards the determination of a reaction mechanism providing the energetic aspects of chemical reactions. Except for the symmetric acetylene molecule, all its singly-substituted derivatives react with EDA 1n two different ways. Scheme 1 shows schematically two possible channels together with the atom numbering. The channel where the C3 carbon atom of EDA joins to the unsubstituted carbon atom of alkyne (C4) is denoted as the C-regioisomer channel. The opposite arrangement is referred to as the N-regioisomer channel. Hence, two TSs, designated TS-C-x and TS-N-x, and the corresponding cycloadducts (CAs), CA-C-x and CA-N-x where x (x = a, b, c, d, e, f, g or h), were located and characterised. Moreover, two TSs related to [1, 5] -H shifts of CAs, TSt-C-x and TSt-N-x, and the corresponding final products, P-C-x and P-N-x, were also investigated. IRC calculations were carried out for all studied reactions, and are presented only for the reaction between EDA and 2e via the C-regioisomeric pathway in Figure 1 . This shows the saddle point clearly, and demonstrates that the TS connects to the associated minima of the concerted mechanism. The potential energy surface (PES), corresponding to these reactions is illustrated in Figure 2 and the values of the relative enthalpies and free energies for the different stationary points along the two reactive channels are reported in Table 1 . In the gas phase, the computed activation enthalpies associated with the most favourable reactive channel of these 1,3-DC reactions range from 16.00 (TS-C-e) to 21.05 (TS-C-g) kcal mol
. However, inclusion of the activation entropies into the free energies brings the activation free energies associated with these 1,3-DC reactions to range from 27.93
. This behaviour is mainly due to the bimolecular character of these cycloadditions, which present an unfavourable activation entropy between -35.8 and -41.1 cal mol
. An analysis of the energy results given in Table 1 indicates that the effect of the substituents in acetylene, is moderate over the energy barriers, since different substitution patterns render relatively small energy differences (note that the 1,3-DC activation enthalpy difference between TS-C-e and TS-C-g at Table 1 is 5.1 kcal mol -1 ). However, the introduction of electron-withdrawing groups in the acetylene results in a slight reduction of the 1,3-DC energy barrier. For example, changing R from a hydrogen (2a) to CF 3 (2d) or CO 2 Et (2e) groups, results in a decrease of ca. 2.0 and 2.4 kcal mol -1 in their reaction barriers, respectively. On the other hand, there is an increase in the activation enthalpies by more than 2 kcal mol -1 with electron-donating groups (2b and 2c). The same trend is observed with aromatic substituents. The electron-releasing methoxy group (2g) increases the activation enthalpy relative to the unsubstituted phenyl substrate (2f), and the effect of the electron-withdrawing nitro group (2h) is vice versa (see Table 1 ). Electronic effects are more important than steric effects in the reactivity of these reactions. Although CF 3 and CH 3 have the rather same size, the CF 3 group reduces the activation enthalpy 4.5 kcal mol -1 relative to the methyl group, due to the greater electronegativity of CF 3 . It is usually assumed that for the same pairs of reactants the preexponential factor in the Arrhenius sense is not responsible for trends in regioselectivity [56] . Thus, the relative amount of the two possible CAs is proportional to the exponential factor (-∆G ≠ / RT). In other words, the regioselectivity in the 1,3-DCs is determined by the relative energies of two transition states. The analysis of the regioselectivity for these 1,3-DC reactions measured as the difference in activation free energies between the TSs leading to different regioisomers shows that they fall in a range between 0.86 and 4.17 kcal mol -1 . For all reactions, forming of the C-regioisomer CAs is preferred relative to the N-regioisomer CAs in agreement with experiment [21, 22] . While for the reactions of EDA with aliphatic substituents (2b -2d), the gas phase B3LYP/6-31G(d) calculations predict the formation of a mixture of two regioisomers (∆∆G ≠ is between 0.86 and 1.35 kcal mol -1
), for the CO 2 Et (2e) and aromatic substituents (2f -2h), the C-regioisomers are more favoured over the N-regioisomeric pathway by ~ 2.41 -4.17 kcal mol -1 . The steric effects are responsible for this regioselectivity trend. All these 1,3-DC reactions are very exothermic, ranging from -40.4 (2f and 2h) to -43.8 (2d) kcal mol -1 and the CAs from two regioisomeric channels have nearly same stability ( Table 1 ). The strong exergonic character of the reactions makes them irreversible processes. As mentioned above, a [1, 5] -H shift occurs in the formed CAs to yield aromatic final products. Activation enthalpies related to these sigmatropic rearrangements are in a range between 22.6 and 24.5 kcal mol -1 for the most favourable reaction channel and ~ 3.3 -8.4 kcal mol -1 more than the first-step (1,3-DC) activation enthalpies (Table 1) . However, comparison of the activation free energies of the two steps shows an inverse trend. The activation free energies of the first step are ~ 2.5 -8.2 kcal mol -1 more than of the second step. Due to the low activation entropies associated with these unimolecular processes, the activation enthalpies and activation free energies for this step are almost equal. Reaction enthalpies for these aromatisations are in a range between -31.6 and -35.7 kcal mol -1 . Therefore, this step also an irreversible process and aromatisation forces the initial CAs to convert to substituted pyrazoles. It is notable that total reaction enthalpies for these domino 1,3-DC-hydrogen migration reactions are very large and between -72.2 and -78.7 kcal mol -1 .
Analysis of bond lengths, bond orders and charge transfers in the transition states
The geometries of the TSs, related charge transfers (CT), the lengths of the C -C and N -C forming bonds and their Wiberg bond order values involved in these 1,3-DC reactions are shown in Figure 3 . An analysis of the lengths of the two forming bonds in the TSs shows that they are not formed to the same extent. It is also seen that the C3 -C4 and N1 -C4 forming bonds in the regioisomeric TSs are shorter than the N1 -C5 and C3 -C5 bonds, respectively. It is of note that the C -N bond length is shorter than the C -C bond length. This suggests that the bond formation to the unsubstituted C4 of acetylenes is more advanced than that to the substituted C5 carbon atom. Hence, these 1,3-DC reactions take place via asynchronous TSs. A general trend observed is that the C-regioisomeric TSs are consistently more asynchronous than the N-regioisomeric TSs in the gas phase (except 2g). Thus, we can conclude that the presence of the substituent (especially a bulky group) on the acetylene leads to a more asynchronous C-regioisomer TSs.
The extent of bond-formation can also be provided by the bond order (BO) [57] analysis at the TS. Thus, the BO values for all forming bonds are calculated and shown in Figure 3 . These BO values clearly indicate that the bond-formations at the C3 -C4 and N1 -C4 are more advanced than at the N1 -C5 and C3 -C5 bonds, respectively (except for 2d). These results also indicate that the most favourable TSs are consistently more asynchronous than the N-regioisomeric TSs (except 2g). The electronic nature of these 1,3-DC reactions is evaluated by analysing the charge transfer (CT) at the TSs along the cycloaddition process. The natural atomic charges are shared between the EDA and substituted ethynes fragments and these data are shown in Figure 3 . In the gas phase, the CT at the TSs, which passes from the EDA to the alkyne moiety, are in the range 0.02 -0.05 e for the IED reactions (2a -2c, 2f and 2g) indicating nearly non-polar character and in the range 0.07 -0.14 e for the NED ones (2d, 2e and 2h), indicating some polar nature for these 1,3-DC reactions. This low and inverse charge transfer found for these IED 1,3-DC reactions can be related to the electron-rich character of the EDA, which prevents charge transfer from the electron-rich alkynes during the cycloaddition processes. Noteworthy, for the more favourable TSs, the CT is slightly higher than for the N-regioisomer ones, a fact that is in agreement with a more asynchronous character of these TSs.
Analysis based on density functional theory reactivity indices at the ground state of the reagents
The global properties are provided in Table 2 . The electronic chemical potential of EDA is higher than that of the 2d, 2e and 2h dipolarophiles. This indicates that the net charge transfer will take place from the dipole to these dipolarophiles (NED character) in agreement with the charge transfer analysis performed at the transition states discussed in Section 3.2.
On the other hand, the chemical potentials of dipolarophiles 2a -2c, 2f and 2g are higher than dipole; therefore, the cycloadditions of IED character are expected. According to the absolute scales of electrophilicity [58] and nucleophilicity [59] based on ω and N indices, EDA can be classified as a moderate electrophile and nucleophile. Therefore, it can act as a nucleophile or electrophile with respect to dipolarophiles with a higher or lower electrophilicity index (ω), respectively. Comparison of EDA with diazomethane (CH 2 N 2 ) reveals that the presence of the electron-withdrawing CO 2 Et group lowers the HOMO and LUMO energy levels, and therefore increases the electrophilicity (1.25 versus 0.51 eV) and decreases the nucleophilicity (2.46 versus 3.11 eV) of EDA. The electrophilicity and nucleophilicity values of EDA and the alkynes studied confirm the role of EDA as an electrophile against 2a -2c, 2f and 2g and its role as a nucleophile against 2d, 2e and 2h. These results are in agreement with conclusions based on chemical potential analysis. It is important to note here that even though EDA presents a larger electrophilicity value than dipolarophile 2d, the latter has a lower chemical potential, which is the index that determines the direction of electron flow along the cycloaddition [60] . Another reason for electron flow from EDA to 2d is the very low nucleophilicity of the latter (only 0.52 eV). We can conclude from the static global ω and N values in Table 2 , the electronwithdrawing groups (CF 3 and CO 2 Et) and the electron-releasing groups (CH 3 and n-Bu) increase the electrophilicity and nucleophilicity of the alkynes, respectively. All of the aromatic substituents increase both the electrophilicity and nucleophilicity of alkynes. It is notable that the nitro and methoxy groups convert dipolarophile 2f from a moderate electrophile and nucleophile to a strong electrophile and nucleophile, respectively, because of the electronwithdrawing and electron-donating character of them. An analysis of the local indices allows us to predict the most favourable twocentre interaction between the more electrophilic centre, characterised by the highest value of the local electrophilicity index [49] ω k at the electrophile, and the more nucleophilic centre, characterised by the highest value of the local nucleophilicity indices [50] N k at the nucleophile. The local nucleophilicity and electrophilicity indices are presented in Table 3 . The condensed Fukui functions and Parr functions computed at the reactive sites of EDA dipole (N1 and C3) and substituted alkynes (C4 and C5) are listed in Table 3 . The Fukui and Parr functions are computed based on the NPA and the Mulliken atomic spin density analysis, respectively. For all the alkynes studied, the terminal carbon atom (C4) presents a larger ω k and N k than C5. Likewise, in EDA the more electrophilic and nucleophilic centre correspond to the N1 and C3 atoms with values of 0.4754 and 0.9520 eV, respectively. Consequently, the most favourable two-centre interaction along an asymmetric bond-formation will take place between the highest nucleophilic centre of EDA, the C3 atom and the highest electrophilic centre of the alkynes, the C4 carbon (C-regioisomeric channel) in the NED processes. These results are capable of explaining the asynchronicity along the reaction pathway and the total regioselectivity experimentally observed [21, 22] . Unfortunately, these DFT reactivity indices failed in the correct prediction of regioselectivity experimentally observed for the IED reactions investigated. In these IED reactions, the more electrophilic centre of EDA, the N1 atom must react with the more nucleophilic centre of alkynes, the C4 atom (N-regioisomeric pathway), in disagreement with experimental observations [21, 22] . It is notable that the Fukui and Parr functions give the same results. indicates that the C-regioisomers will be generated preferably and hence agrees well with the experimental findings [21, 22] . The Gazquez -Mendez rule based on NPA analysis fails to predict the regioselectivity of the investigated 1,3-DC reactions with IED character. For the IED reactions, ∆S N values are smaller than ∆S C values, which indicates that the N-regioisomeric cycloadducts will be formed mainly, in disagreement with experimental observations [21, 22] .
Analysis based on frontier molecular orbital theory
FMO theory has provided a model for the qualitative understanding of reactivity and regioselectivity, based upon the electronic properties of the isolated reactants [61 -65] . Based on FMO theory, the orbitals that are closest in energy interact most strongly. Smaller HOMO -LUMO gaps lead to lower activation barriers for reactions. The FMO energies are given in Table 2 . Consider the fact that, in the determination of HOMO -LUMO energies in 1,3-DC reactions, the HOMO and LUMO are the orbitals involved directly in the reaction (relevant HOMO and LUMO) are not necessarily the highest occupied molecular orbital (actual HOMO) and the lowest unoccupied molecular orbital (actual LUMO). In the present work, the relevant HOMO/LUMO and actual HOMO/LUMO of 2a, 2b, 2d and 2f -2h dipolarophiles are the same, but for 2c and 2e, the relevant HOMO is HOMO-1, while for EDA and 2c the relevant LUMO is LUMO + 1. By comparison, between the HOMO -LUMO energy gaps (LUMO dipolarophile -HOMO dipole and LUMO dipole -HOMO dipolarophile ) of the reactants EDA and 2a -2h and activation enthalpies or activation free energies, we can conclude there is no relationship between reactivity and the HOMO -LUMO gaps, in spite of the FMO model. However, the HOMO -LUMO gaps indicate that HOMO dipole -LUMO dipolarophile is the predominant interaction for dipolarophiles 2d, 2e and 2g (NED character), and vice versa for 2a -2c, 2f and 2g (IED character), in agreement with the analysis of the global electrophilicity, nucleophilicity and electronic chemical potential indices. 
